Enterocytozoon bieneusi is the most common cause of chronic diarrhea in individuals with human immunodeficiency virus infection or AIDS, and there is no effective therapy. The inhibitory activities of polyamine analogues (PG-11157, PG-11158, and PG-11302) against E. bieneusi infection were evaluated in SCID mice preconditioned with anti-gamma interferon monoclonal antibody intraperitoneally (i.p.). Mice were challenged orally with 10 4 E. bieneusi spores, and groups of mice were treated orally or i.p. 14 days later for 7 days. The inhibitory activities of the drugs against infection were determined by enumerating the E. bieneusi spores in feces three times a week by an immunofluorescence assay. Immunohistochemistry staining confirmed the infection within enterocytes. Oral administration of the analogues PG-11157 (at 150 or 75 mg/kg of body weight/day) and PG-11302 (at 250 mg/kg/day) had significant inhibitory activity (96.2 to 99.6%) that was slightly better than that of fumagillin (1 mg/kg/day; 93.7%). The inhibitory activity with i.p. injection was significant only with PG-11302 at 20 mg/kg/day. While the treatments considerably reduced the levels of spore excretion, neither polyamine analogues nor fumagillin was able to completely eliminate E. bieneusi, as excretion reappeared within 7 days after the end of treatment. Drug toxicity was apparent during treatment, but it disappeared at the end of treatment. These results warrant further examination of the analogues PG-11157 and PG-11302.
While it has been recognized as a disease-causing agent in humans since 1985, little progress was made in the diagnosis or treatment of Enterocytozoon bieneusi over the last two decades because of a lack of laboratory tools and reagents, as well as the inability to propagate the parasite in cell culture or in animals. The lack of immune reagents and a spore size similar to that of most bacteria have made identification, concentration, and purification of the organism difficult. Consequently, many investigators have used clinically less significant, surrogate species. Current therapies for microsporidia, like albendazole, are ineffective against E. bieneusi. Fumagillin is not curative and is known to cause thrombocytopenia in AIDS patients; it is also toxic when it is administered systemically. There is a clear need for therapy for E. bieneusi infections.
Our laboratories have recently made significant discoveries in several pivotal areas, which have contributed to the progress on E. bieneusi research. These discoveries are as follows. (i) We have developed molecular diagnostic tools that are of help with investigation of the role of E. bieneusi in children (29, 30) .
(ii) By using the macaque model, the relationship between immune dysfunction in the gastrointestinal tract due to simian immunodeficiency virus infection or simian AIDS and the persistence of E. bieneusi infection in the immunodeficient host were defined (25, 26) . (iii) Methods for the purification of E. bieneusi spores from the stools of infected patients were developed, and these methods allowed the generation of sufficient quantities of highly purified microbial antigen (23) . (iv) With purified spores, polyclonal antibodies and monoclonal antibodies (MAbs) against E. bieneusi were generated and characterized (24, 33) . (v) The purified spores and the antibodies were used to generate DNA to perform the first survey of the E. bieneusi genome sequence (5) . (vi) Finally, the successful infection and continuous propagation of E. bieneusi in rodents (10) made the studies described in this report feasible.
Polyamines are indispensable cellular components implicated in many physiological functions, such as DNA replication and repair, transcription, protein synthesis, and posttranslational protein modifications (28) . Polyamine analogues which interfere with polyamine function and metabolism when they are transported into cells by the polyamine transport system have been developed. They are used as probes in an effort to clarify the functions of natural polyamines (11, 12, 13) , and they are also potential cancer chemotherapeutic agents (3, 14, 15, 17, 31) and agents that may be used to treat several parasitic diseases. Polyamines showed activity in vitro against microsporidia and are effective agents for the treatment of several causes of microsporidiosis (22) .
In the study described here, have evaluated three polyamine analogs (PG-11157, PG-11158, and PG-11302) for their efficacies against E. bieneusi infection and compared their activities with the activity of fumagillin in the newly developed preconditioned SCID mouse model.
MATERIALS AND METHODS
Parasite. E. bieneusi spores from infected rats (the spores were originally isolated from human patients) (29) were purified from fresh stools, as described previously (23) . Briefly, fecal samples were washed with phosphate-buffered saline (PBS), passed through a sieve to remove large particulate material, and concentrated by centrifugation. The spores were enriched by a salt flotation step, followed by a Percoll gradient centrifugation step, which separated the spores from the fecal material, as described previously (23) . The purified spores were counted by an indirect immunofluorescence (IF) assay with specific antibodies against E. bieneusi (23, 24) .
Mouse model. B6.CB17-Prkdc SCID/beige mice (age, 4 weeks) were purchased from Charles River Laboratories. For each set of experiments, the mice were injected intraperitoneally (i.p.) with 1 mg/mouse of anti-gamma interferon (anti-IFN-␥) MAb (MAb XMG1.2) 2 h before they were randomly assigned to seven groups containing seven mice each. The mice were orally challenged with 10 4 E. bieneusi spores per mouse or placebo (PBS). All groups were given subsequent injections of 0.5 mg of anti-IFN-␥ MAb i.p. every other week thereafter until the end of the experiment. The impact of drug toxicity on the mice was determined for a group of five C.B-17 SCID mice which received the larger drug dose but no E. bieneusi spores (Tables 1 to 3 ). To determine the potential drug toxicity in the treated mice, the body weights were recorded weekly; the status of the fur (which is ruffled when the mice are not well) and the amount of movement were recorded, and a hunched back and lethargy were also recorded when they were observed.
Synthetic polyamine analogues. PG-11157, PG-11158, and PG-11302 were provided by Medigen Biosciences LLC under agreement with Progen Pharmaceuticals. The doses of the three drugs given to the mice, either orally or i.p. daily over 7 days, are summarized in Tables 1 to 3 . Fumagillin was used as a positive control drug and was given at 1 mg/kg of body weight/day for 7 days (22 g/mouse/day for 7 day) ( Tables 1 to 3 ). To determine the inhibitory activity of the drug, the following formula by Su et al. (27) was used: [(number of spores in the placebo group Ϫ number of spores in the drug-treated group)/(number of spores in the placebo-treated control group)] ϫ 100.
Evaluation of activities of polyamine analogues against E. bieneusi in mice. The presence of E. bieneusi spores in fecal samples was monitored three times per week by the IF assay (10) . Briefly, spores were detected by using a rabbit anti-E. bieneusi polyclonal antibody (1:1,000 dilution) and goat anti-rabbit immunoglobulin G conjugated with Alexa 488 secondary antibody (1:800 dilution; Molecular Probes, Eugene, OR). The slides were examined by fluorescence microscopy (BX40; Olympus Optical Pvt. Ltd.) at ϫ400 magnification, and the number of spores per 30 high-power fields was counted. The IF assay was also used to enumerate the spores for the oral inoculation described above. The mean body weight was measured once per week; and the symptoms (ruffled fur, lethargy, hunched back, reluctance to move), if any, were recorded.
IHC. Immunohistochemistry (IHC) was performed on gut sections taken from the small intestine (duodenum, jejunum, ileum), the large intestine (cecum, colon), and all visceral organs by using MAbs specific for E. bieneusi (10) . Tissue sections were cut at 5 m and immunostained by using an avidin-biotin-horseradish peroxidase complex technique with diaminobenzidine chromogen. The sections were identified as E. bieneusi positive by staining with an MAb. An irrelevant immunoglobulin G antibody reactive against a common antigen of three microsporidia (E. cuniculi, E. intestinalis, and E. hellem) but negative for E. bieneusi was included in the assay as a negative control (see Fig. 3 ). Briefly, sections were deparaffinized and rehydrated. The sections were blocked with normal horse serum for 30 min at room temperature and were then incubated overnight at 4°C with E. bieneusi-specific antibody, followed by a biotinylated horse anti-mouse immunoglobulin antibody (dilution, 1:1,000; Vector Laboratories, Burlingame, CA) and VECTASTAIN Elite ABC immuno-histology stain (dilution, 1:50; Vector Laboratories) for 30 min each at room temperature. The slides were developed by using the diaminobenzidine substrate kit (Vector Laboratories) and were then counterstained with Mayer's hematoxylin.
Statistical analysis. As the experiment was conducted with groups of seven animals, the results were analyzed by the analysis of variance test. a Percent inhibition is the percent reduction in the average level of spore excretion in feces at the end of drug treatment and the week after the end of the experiment compared with the level of spore excretion in feces in the placebotreated group.
b PG-11158 was given orally daily (150 mg/kg/day) for 7 days. c Fumagillin was given orally once daily (1 mg/kg/day) for 7 days. d PG-11158 was given orally daily (75 mg/kg/day) for 7 days. e PG-11158 was given i.p. daily over a week (10 mg/kg/injection).
RESULTS
The inhibitory activities of synthetic polyamines (PG-11157, PG-11158, and PG-11302) against E. bieneusi were evaluated and compared with the activity of fumagillin. SCID mice orally challenged with 10 4 spores each began to excrete spores in their feces, and the level of excretion peaked after the second i.p. injection of 0.5 mg/mouse of IFN-␥ MAb. The infection became apparent on week 2 and reached a statistically equivalent amount of spore excretion among all infected groups, which allowed for the onset of drug treatment on week 3. At this point the mice were treated either orally or i.p. daily for 7 days. One infected group of mice received placebo, and another uninfected control group was treated with the higher drug concentration for the evaluation of drug toxicity (Tables  1 to 3 ). After the completion of the 7-day treatment course, all groups were given another i.p. injection of anti IFN-␥ MAb to boost spore excretion. They were monitored for another week after the end of treatment to determine whether spore excretion would increase at the end of drug treatment. The same design was applied to the evaluation of all three drugs (Tables  1 to 3 ). The spores were counted and the results are expressed as the mean number of spores excreted per week. Drug activity was expressed as the percent inhibition of spore excretion compared with the level of excretion by the respective placebotreated group (Tables 1 to 3 and Fig. 1) .
Effect of PG-11157. While PG-11157 and, to a lesser extent, fumagillin had significant inhibitory effects on spore excretion in mice infected with E. bieneusi, the mice were incapable of eliminating the infection after 7 days of treatment with this regimen, as was evident from the reemergence of spore excretion once the treatment was ceased. The i.p. injection of PG-11157 at a 10-mg/kg dose given twice per week had no effect at all. Apparent signs of toxicity, that is, reduced body weight gain (Fig. 2) and hypersensitivity, precluded a dose increase to try to eliminate the infection. The two drugs used orally, PG-11157 and fumagillin, showed similar patterns, with maximal rates of inhibition of Ͼ99% for PG-11157 at 150 and 75 mg/kg/day for 7 days of treatment (P Ͻ 0.05) and 93.7% for fumagillin at 1 mg/kg/day for 7 days. However, after the cessation of treatment, spore excretion emerged more rapidly in the fumagillin group, indicating the inferior inhibitory action of fumagillin compared with that of PG-11157 (Table 1 and Fig. 1) .
Effect of PG-11302. Spore shedding was significantly decreased after treatment with PG-11302. The difference in spore shedding in feces after a week of treatment between the placebo (PBS)-treated group and the group treated orally with the high dose of PG-11302 was significant (96.2% inhibition; P Ͻ 0.05) by the analysis of variance test. However, spore shedding resumed during the second week after treatment, following the i.p. injection of anti-IFN-␥ MAb ( Fig. 1 and Table 2) ; the exception was the group treated with the drug i.p. Seven days after the end of treatment, the group treated i.p. showed the continuous suppression of spore excretion; the difference between the control group and the group treated i.p. was significant (97.1% inhibition; P Ͻ 0.05), and the loss of body weight was significant (14.37% lower; P Ͻ 0.05).
Effect of PG-11158. Spore shedding was decreased only slightly after treatment with PG-11158. A statistically significant difference among the groups was detected for the group which received the higher dose of PG-22258 compared to the results for all other groups during the week posttreatment (82.7% inhibition; P Ͻ 0.05) ( Fig. 1 and Table 3 ). PG-11158 was, in general, less effective than the other two polyamines, although in contrast, it caused minimal toxicity.
Body weight loss. PG-11157 and PG-11158 caused a slight drop in body weight after the 7-day drug treatment (body weight, 6.5% lower than that for the placebo-treated group; Fig. 2a) , while oral PG-11302 caused no significant changes (Ͻ2%) in body weight. However, there was a 14.37% decrease in body weight in the group treated with PG-11302 i.p. (Fig.  2b) . The groups treated orally with fumagillin showed signs of hypersensitivity to touch. The other groups treated orally showed signs of slow movement compared with the untreated group and the group treated i.p. All symptoms, however, disappeared within 5 days after the end of treatment. The infected placebo-treated group was not affected. Another sign of some toxicity was the apparent loss of fur texture and shine among mice treated orally with the higher dose compared with the condition of the fur of the group treated with placebo. IHC was performed to demonstrate evidence of infection in the gastrointestinal tract (Fig. 3) .
DISCUSSION
Current therapies against microsporidiosis are inconsistent in their efficacies. Albendazole is effective against several microsporidia, including Encephalitozoon species, but is less effective against E. bieneusi (2, 4, 8, 9 ). Fumagillin is effective against Encephalitozoon spp. and, to a lesser extent, E. bieneusi infections, but there have been reports of relapse and toxicity associated with the systemic administration of fumagillin (4, 16, 21) . Polyamine analogs have recently been applied experimentally as chemotherapeutic agents against opportunistic pathogens, including Pneumocystis jirovecii (18) , Cryptosporidium parvum (32) , and E. cuniculi (1) . E. bieneusi is clinically the most common microsporidian species associated with a serious disease in humans, yet so little is known about the metabolism of the parasite. The limited long-term growth in cell culture and the lack of animal models have limited progress on drug screening and discovery (6, 7, 10) . The ability to propagate E. bieneusi in rodents and the development of the SCID mouse preconditioned with regular i.p. injections with 0.5 to 1 mg/mouse of anti-IFN-␥ MAb are accomplishments which were exploited in the present study to evaluate polyamine analogues as potential inhibitors of this infection. However, the model is far from perfect. The infection rate is moderate at best; it fluctuates and is often intermittent. It induces no gastrointestinal or any other clinical symptoms, which to a large extent mimics infections in all other mammals, including healthy humans. The mouse model of E. bieneusi did, however, provide useful information on the efficacies of fumagillin and the polyamine analogs PG-11157 and PG-11302, which were given orally and, in the case of PG-11302, i.p. While PG-11157, PG-11302, and, to a lesser extent, fumagillin had significant inhibitory effects on spore excretion in mice infected with E. bieneusi, they were incapable of eliminating the infection after daily treatment for 7 days, as was evident from the (1158), and fumagillin on the excretion of spores by E. bieneusi-infected mice. B6.CB17-Prkdc SCID/beige mice were inoculated orally with 10 4 spores and 3 weeks later were treated orally or i.p. with one of three test compounds or fumagillin; the dose and the timeline are reflected on the horizontal bar, and the percent inhibition is indicated on the vertical bar. The arrows show that the level of spore shedding was significantly reduced by drug treatment compared with that which occurred in the placebo-treated mice (P Ͻ 0.05 or 0.001). Inf, infected; Ctrl, control; numbers after the slashes, doses in mg/kg/day; HPF, high-power field.
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on June 27, 2017 by guest http://aac.asm.org/ reemergence of spore excretion within 7 days after the treatment was ceased. The i.p. injection of PG-11302 had a strong inhibitory effect (97.1%) on intestinal infection. Mild signs of toxicity would, however, preclude any dose increase in order to eliminate the infection. It is possible, however, that a longer course of treatment with a reduced dose given twice or even three times per day may accomplish this. The two analogs used (PG-11157 and PG-11302) and the positive control drug (fumagillin) given orally showed similar patterns of efficacy; the maximal inhibitory rates were 99.6% for PG-11157 at 150 mg/kg/day, 96.2% for PG-11302, and 93.7% for fumagillin at 1 mg/kg/day for 7 days. The efficacy of the analogue PG-11157 was superior to that of fumagillin, with reduced spore excretion occurring between weeks 4 and 5 ( Fig. 1 ), while treatment with fumagillin resulted in reduced spore excretion during week 4 only. The efficacy of the third analogue, PG-11158, was considerably less than the efficacies of the other two analogues and fumagillin, but there was an unexpected prolonged inhibitory action into the final week. What is important to note is that while the polyamine analogues resulted in a reduction in spore excretion of over 96.2% after 7 days of treatment, it bounced back only moderately a week after the end of treatment compared with the rebound achieved with fumagillin, indicating that the polyamine analogues are more potent drugs against E. bieneusi infection than fumagillin, which has been evaluated as a treatment for human disease and which was found to be effective in controlling diarrhea and eliminating spores (19, . As these experiments were specifically designed to explore the effects of polyamines on E. bieneusi infection, treatment was limited to 1 week to avoid drug toxicity at this preliminary phase of the experiment. In future, treatment for a longer period will also include longer periods of dosing with fumagillin. In addition, the polyamine analogue compounds were effective when they were given orally.
In conclusion, we have tested three polyamine analogues in the newly developed animal model for E. bieneusi infection. While the model is not ideal, it is sensitive enough to determine the relative inhibitory activities of the three targeted drugs compared with the activity of fumagillin, the only drug used therapeutically against microsporidial infection in humans. The mouse model has shown that, as in humans, fumagillin is not very effective in rapidly eliminating the infection before toxicity develops. In contrast, these experiments demonstrated that at least two of the three tested drugs were more effective and that further studies are required to optimize the treatment regimen. While the current regimen of 7 days of treatment did not eliminate the infection entirely, we strongly believe that changing the formulation by dividing the daily dose further from two to three in the case of PG-11157 and PG-11302 to reduce toxicity and allow treatment for longer periods will lead to the elimination of the infection by treatment with at least one of the three drugs, if not two of the three drugs. Furthermore, if toxicity remains a concern, particularly with a longer course of treatment, combination therapy may be a solution.
